Abstract-In this paper, we propose a compliant and tetherless magnetic capsule endoscopic robot. The proposed capsule robot has two key features. First, it has one extra degree of freedom axial contraction capability to perform additional tasks such as a drug releasing, a drug injection, or a biopsy. Also, design features of the magnetically deformed capsule robot are introduced. Its characteristic deformation curve, which was measured using an indentation setup, presents not only the deformation behavior of the magnetic capsule robot but also considerations in the capsule design process. Next, by implementing a magnetically actuated rolling locomotion scheme, the capsule can be controlled externally using a permanent magnet. The proposed magnetic capsule robot is anchored on a tissue wall by the magnetic attraction and rotated by a magnetic torque. This behavior allows a stable locomotion of the magnetic capsule robot and its orientation is controllable during locomotion. To verify the feasibility of proposed locomotion method and the compliant capsule's shape deformation, the magnetic capsule robot was actuated in a synthetic stomach model. The experimental results show that locomotion behavior of the capsule is stable and a successful tracking performance of the proposed magnetic actuation method; average distance gap between the capsule and the external magnet was only 20% of the capsule's body length. Such a soft and tetherless capsule robot can potentially enable minimally invasive diagnostic and treatment applications for stomach diseases.
I. INTRODUCTION
URRENTLY, many researchers are working to develop the next generation capsule endoscope that actively locomotes [1] - [3] and performs biopsy [4] , [5] and therapy types of new functions [6] , [7] . This is motivated by the limited functions of the current passive capsule endoscopes [8] ; because these capsule endoscopes cannot be actively controlled, these devices have no capabilities other than simple imaging.
Many groups suggested various capsule type robots as active capsule endoscopes. Approaches in these studies can be divided into two categories. First approach uses on-board actuation to self-propel capsule robots inside the digestive organs. For example, Park et al. proposed a robot using directionally deploying legs [1] . Next approach uses external actuation methods, such as electromagnetic coils or permanent magnets outside of the body, to propel capsule robots inside the body. Such magnetically actuated capsule robots can be called as magnetic capsule endoscopes (MCEs). Sendoh et al. proposed one rotary locomotion mechanism, and Carpi et al. used an external magnet to move a capsule robot with a magnetic shell [2] , [3] . In industry, Siemens and Olympus, which were motivated by the feasibility of MCEs, launched a new capsule robot project using an external magnetic actuation method [9] .
All of the existing capsule robots are rigid, which could cause issues of being trapped in junctions or could cause tissue damages if capsule robot exerts high forces to the tissues during locomotion or clamping. Moreover, current capsule robots mainly use swimming or tissue surface locomotion using spinning or sliding to navigate inside the digestive organs, which could have significant locomotion difficulties while operating in an inflated 3-D stomach surface. Therefore, this study proposes a new compliant capsule robot with a new rolling based surface locomotion principle to navigate inside an inflated 3-D stomach surface.
In Section II, the overall application scenario of this capsule robot inside an inflated stomach environment is described. In Section III, critical design features for compliance are introduced. In Section IV, the magnetic actuation scheme for rolling based locomotion is introduced and one potential application of magnetically actuated shape deformation is introduced. Finally, in Section V, the magnetic actuation platform is built and the proposed concepts, magnetically actuated locomotion, and shape deformation are evaluated experimentally on a synthetic stomach surface. Figure 1 shows the application scenario of the proposed compliant magnetic capsule robot inside a stomach surface. The doctor inflates the stomach using water first, and then the patient swallows the capsule robot. The doctor operates a large external permanent magnet to manipulate it using a robotic manipulator to manipulate it while looking at to camera images of the capsule in real-time. The capsule robot moves inside the stomach using the rolling locomotion. Because the capsule is always pulled toward to the tissue and anchored, it remains stable all the time. During endoscopy, the operator can intuitively estimate the position and orientation of the capsule because the external magnet and the capsule are symmetric. If an abnormal tissue is observed, the doctor stops the capsule immediately and performs biopsy and therapy using soft capsule's one extra degree of freedom axial contraction motion, which is actuated magnetically. After the endoscopy, the capsule is excreted by the passive peristalsis. Figure 2 shows the schematic of components on the compliant magnetic capsule robot. A camera module is implanted in the upper head. Two magnets are implanted in both ends to allow magnetic manipulation. A drug chamber is located below the magnet. The compliant magnetic capsule robot has three design features allowing magnetically actuated deformation and recovery process: i) Sarrus linkage: The structure of the capsule is based on Sarrus linkage [10], [11] . With axial pre-load, the side linkages are folded and the capsule becomes fully compressed. If the preload force is removed, the capsule recovers its initial shape by the elastic restoring force of side linkages.
II. APPLICATION SCENARIO

A. Design Features
ii) Circular flexure hinge: For the passive deformation and recovery of the capsule, the folded area by the magnetic attraction were designed as circular flexure hinges. As shown in Fig. 3(b) , each side linkage has five flexible geometries; three circular flexure hinges and two flexible beams. A finite elements analysis of these parts is shown in Fig. 3(a) . Among these, the circular flexure joint in the middle is the dominant factor determining the overall compliance because the compressive/tensile stresses are concentrated on this region. The actual values of these design variables in the compliant capsule are 700 m radius, 600 m thickness and 6 mm width. iii) Polymer body: The whole body of the capsule is made of a soft elastomer, which allows it to be deformed by any environmental stimulus. The used elastomer material is a soft polyurethane (ST-1060, BJB Enterprise) with 2.07 MPa Young's modulus. All the parts were manufactured by molding and attached to each other with the same polymer (ST-1060). Therefore, except for electronics and magnets, the whole body is monolithic. The fabrication process is as follows. First, master parts were made using a rapid prototyper (Invision HR, 3D System); the side linkage parts were manufactured using a micro-wire electrical discharge machine (AP 200L, Sodick) because of the complex geometry. Then, molds were made by pouring a silicone rubber (Dow Corning HS2, RTV rubber base for mold making) on the master parts. After the mold cured, the polyurethane was poured in the cavity of the mold. After the part cured, all parts were attached to each other using polyurethane. Finally, the camera module and magnets were inserted in the head.
B. Compliance Characterization
Due to the internal magnetic attraction, the capsule has a characteristic deformation behavior as shown in Fig. 4 . According to the indentation experiment result, the resistive force of the capsule begins decreasing from a certain level of compressed length. Because the capsule is deformed making equilibrium between the magnetic attraction the resistive force, the deformation curve with large hysteresis loop is plotted. For example, at a preload force below 310 mN, the capsule is compressed continuously, but the stronger preload force makes the capsule fully compressed abruptly. In the relaxation, the capsule length is not increased even though the applied pre-load force is decreased. However, the capsule recovers its initial length almost if the pre-load falls below 160 mN. If the size of magnets decreases, the hysteresis weakens; the hysteresis loop area decreases, and the deformation curve with hysteresis converges to the deformation curve without the internal magnetic force, the blue curve.
Because the magnetic attraction is always present between head parts, ill-designed arrangement could result the permanent deformation induced by the internal magnetic attraction. Therefore, it is very important to maintain the condition for reversible deformation. Without an external magnet, if the magnetic attraction between internal magnets overwhelms the restoring force at any time, then, the two head parts get stuck permanently. As the required conditions for the reversible shape deformation, first the magnetic attraction force between internal magnets should be lower than the resistive force of side linkages. Next, to implement the compressing motion of the capsule by the external magnetic field, the summation of the magnetic attraction between internal magnets and the external magnetic attraction on the upper head has to be larger than the resistive force. Thus, here are the conditions for the reversible capsule axial deformation:
where the magnetic attraction force between internal magnets is F m in (h,B), the capsule height h, the magnetic flux density passing through the center of magnets B, the resistive force of Sarrus linkages F res srs (h), the reinforced magnetic field by the external magnetic field B rein and the external magnetic attraction on the upper head F m ex . The right condition of (1) can be satisfied if the external magnetic field is simply strong, but the left condition is related to the positions, size and magnetization of the internal magnets. To satisfy this condition, the force value at the critical point B, the compressive force which is measured at the fully compressed capsule, should be positive. The negative compressive force represents that F m in (h,B) is stronger than F res srs (h). This is consistent with the analysis that too strong magnetic attraction induces a large hysteresis loop.
IV. MAGNETIC ACTUATION
A. Symmetrical Orientation
In micro-robotics, magnetic manipulation is a useful method not only for saving power source and space but also for controlling the capsule remotely [2] , [3] . In this section, the magnetic actuation scheme, which was inspired by the symmetrical orientation between the capsule robot and the external magnet, is introduced in detail. Figure 5 shows the magnetic field and the magnetic force in 2-D, which are calculated using fundamental equations [12] , [13] . It shows that the magnetic capsule's orientation about the plane of symmetry is symmetrical to the external magnet's one. The symmetry between those can be quantitatively verified by comparing rotational angles in Fig. 6 . The capsule's rotational angle is approximately proportional to the external magnet's rotational angle, which means two magnets' orientations are symmetrical about the plane of symmetry.
B. Rolling Locomotion Method
The rolling locomotion actuated by magnetic torque is an original mechanism using the symmetrical orientation principle. Figure 7(a) shows the free body diagram of the magnetic capsule. It is anchored on the tissue surface by the vertical factor of the magnetic attraction F mag and rotated by the magnetic torque, T c mag . Equation (2) and (3) where m is the mass of the capsule, μ the friction coefficient, h the length of the capsule, F x mag (=F mag cosθ cc ) and F z mag (=F mag sinθ cc ) the magnetic attraction in the x-axis direction and z-axis direction respectively, θ c the rotational angle of the capsule, θ s the rotational angle of the external magnet and I c is the moment of inertia.
If the relative velocity between the contact area of the capsule and the tissue is zero, a static friction force is applied to the interface all the time. To align the capsule center with the external magnet center and make the locomotion stable using a static friction, the translational velocity of the external magnet should be set as,
Figure 7(b) shows the simulated behavior of the capsule robot during one cycle. If the external magnet moves in the horizontal direction with rotated, the capsule is also navigated with being rotated by the magnetic torque.
This locomotion method has below advantages: i) Continuous locomotion: The locomotion behavior of other magnetic capsule endoscopes, which are driven by a magnetic force while being dragged on a tissue surface, is similar to stick-slip motion because it starts moving when the horizontal magnetic attraction overcomes the static friction and stops when it falls below the dynamic friction. However, the rolling motion allows the capsule continuous locomotion because it moves using the static frictional torque at the contact area. ii) Enhanced tracking performance: Other magnetic capsule endoscopes are dragged by the external magnet with a distance gap, because the horizontal magnetic force is maximized at the edge of external magnet. However, if the rolling capsule falls behind the external magnet, it uses both the horizontal magnetic attraction and the friction force in the backward direction to track it. iii) Posture control during locomotion: Other magnetic capsule endoscopes' posture can be controlled only in a static state. However, as shown in Fig. 7(b) , the rolling magnetic capsule robot's one can be controlled using the symmetrical orientation principle even during locomotion. Some environmental disturbances such as a friction force or complex geometry of a tissue would temporarily cause an error between the desired orientation and the actual one. However, if the misalignment degree becomes larger, the magnetic alignment torque to decrease it is also reinforced. Therefore, the misalignment angle is automatically adjusted. iv) Interface: Enhanced tracking performance and symmetrical orientation allows an intuitive interface between the capsule and the external magnet operator. The operator can estimate the position and orientation of the capsule watching the external magnet's ones. Endeavors for a complex positioning algorithm would be minimized. Fig. 8 . Snapshots of the feasibility experiment using the second generation prototype (a)-(f): Motion sequence of drug releasing. Using the external magnet's controlled vertical motion, the robot creates a pressure that is higher than the threshold stress to open holes to release the liquid drug. 
C. Magnetically Actuated Shape Deformation
One of the most important capabilities of the proposed capsule robot is its magnetically actuated axial compression motion. Figure 8 shows one use of this motion, drug releasing. Figures 8 show snapshots of the feasibility experiment using the second generation prototype. Here, the drug chamber is squeezed by the preload force of the convex area of the upper head due to the axial compression of the capsule by external magnetic forces. Then, the drug is released from the chamber through holes and layered on the target spot. Figure 9 shows experiments to investigate the interaction force F m , the distance d, and the magnetic field B during the drug releasing. The preload force when the drug releasing was completed was about 850 mN. Also, 200 G of external magnetic field was required for full squeezing of the chamber. The magnetic field used during attraction for the drug releasing can be completely decoupled from the magnetic field required for the capsule's locomotion. The detailed demonstration video of the drug releasing mechanism decoupled from the rolling locomotion can be seen in the multimedia file.
The advantage of active shape-morphing is to provide one extra degree of freedom motion in the vertical direction without any extra actuator. Considering that the robotic capsule endoscope for the next generation should perform biopsy and therapy, this extra degree of freedom motion can be used for these advanced functions.
V. EXPERIMENTS
A. Characterization of the Experimental Setup
Rolling locomotion experiments of the magnetically actuated compliant capsule robot were conducted to characterize its performance. Figure 10 shows the experimental setup. It consists of a synthetic silicone rubber stomach model, a rotational substrate, a data acquisition board, a web-cam, and a passive manipulator where the external magnet is mounted. A data acquisition board (USB 6008, NI) was used to record the data. The capsule position was measured in the captured images using a web-cam. i) Stomach model: Even though it is difficult to simulate stomach's anisotropic and nonlinear properties, the degree of deformation can be simulated by adjusting the thickness of the stomach model. The elongation property of the silicone rubber specimen with 2.5 mm thickness and a human stomach tissue with 10 mm thickness, an average thickness of human stomach wall, are compared in Fig. 11(a) ; the original stress-strain data was multiplied with the thickness to include the effect of the thickness [14] , [15] . In the range of from 0% to 45% strain, the deformation of the model is smaller than one of a real stomach tissue. From 46% to 68% strain, it is located between boundaries of tissue deformation. In a large strain area, over 80%, the stomach model is less deformed than a real tissue.
ii) The magnetic property of the external magnet: Figure  11 (b) shows the magnetic property of the external permanent magnet. There are two models to explain the magnetic property. One is the magnetic dipole model. According to this model, the magnetic flux density B axis in the magnetization direction at the point P can be calculated as [16] ,
where r m is the distance from the center of the magnet to the point P, V m the volume of the magnet, M is the magnetization, and μ 0 is permeability. Based on this model, the magnetization of the external magnet was calculated as 1.45MA/m. Another one is the magnetic charge model. The residual induction B r to match the model to the measured data was about 1.25T. As shown in Fig. 11(b) , the dipole model was more accurate than the charge model.
B. Rolling Locomotion Experiment
The tracking performance of the capsule endoscope was evaluated. The capsule in the stomach simulator was actuated to move in x-axis direction. Figure 12 shows snapshots of the experiment. As expected in the simulation, the capsule was able to move in the stomach model using the rolling locomotion. Figure 13 shows the external magnet's position in the y-axis direction. Figure 13(a) shows the vertical position of the north pole and the south pole. The reason the length of the magnet seems to change in the figure is that the magnet is rotated about the y-axis. Around 5.2 sec and 10.7 sec, those become inverted. Considering the position of the substrate of the stomach model was 210 mm, the effective range between the external magnet and the capsule, was about 90mm. Figure 13(b) shows the comparison of the locomotion distance of the external magnet and the capsule over time. It represents that the capsule can track the external magnet. At eight points in the experiment, the calculated center-to-center distance error was 5.88 mm, which is 20% of the robot's body length.
VI. CONCLUSION AND FUTUREWORK
In this paper, we proposed a new compliant capsule endoscope with one extra degree of freedom axial compression motion for medical procedures in stomach. Because this axial motion can be controlled by the external magnetic field, no extra actuator is needed. The proposed compliant capsule endoscope has a potential capability to monitor the whole area of the stomach in 3-D and to perform functions such as biopsy and drug delivery. Next, a magnetic actuation based rolling locomotion method for the capsule robot is proposed. By using this locomotion method, both the position and the orientation of the capsule can be controlled using an external permanent magnet. Future work of this research will focus on in vivo testing of the capsule robot and implementing various functions such as drug injection or biopsy. 
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